Introduction
Posterior cervical wiring historically has played a major role in stabilizing the cervical spine. Hadra first introduced spinous process wiring in Pott's disease in 1891 [1] , and Rogers described in detail techniques for interspinous wiring of the cervical spine in 1942 [2] [3] . Rogers' technique was later developed and modified by Abdu and Bohlman (triple-wiring) [4] , Whitehill, et al. [5] , Benzel and Kesterson [6] , and Murphy and Southwick [7] . Although wiring restores the posterior tension band construct, it does not stabilize against extension, rotation, or lateral bending. Since the introduction of fusion and instrumentation with plates and screws, posterior cervical wiring today has a very limited role in fixation of the subaxial spine, usually functioning as a salvage procedure or as an adjunct to other fixation constructs [8] .
Indications
Posterior cervical wiring requires that the posterior bony ring is preserved (i.e., lamina, facet, or spinous process). Sublaminar wiring has been shown to be cost-effective with low neurological risks in patients with cervical spine trauma [9] [10] . Because posterior tension banding stabilizes flexion motion, it can be utilized in a flexion-distraction injury with facet subluxation or dislocation [11] . It can also be used to augment anterior cervical instrumentation. Finally, stand-alone wiring is generally limited to pathology involving just one cervical level [12] .
Contraindications
Any traumatic or pathologic process that compromises the integrity of the posterior bony elements (i.e., lamina, facet, or spinous process) is a contraindication for posterior cervical wiring. In addition, wiring only offers resistance against flexion, so additional fixation technique(s) must be employed to provide extension, rotation, and lateral bending stability. Tension band wiring is at risk for failing in osteoporotic bone. In general, stand-alone posterior fixation is relatively contraindicated when there is instability of the anterior or middle column.
Techniques
There are many posterior wire stabilization techniques that have been developed and described in the literature. We will review the original Rogers' interspinous wiring technique and one of its modifications, Abdu's triple-wiring technique, which has been shown to impart greater biomechanical stability [13] .
In the Rogers' interspinous technique, a burr hole is drilled transversely at the base of the upper spinous process and the lower spinous process. A stainless steel or titanium wire or cable is passed through the burr holes in a figure eight pattern. Finally, the wire is tightened using a tensioner ( Figure 1 ).
FIGURE 1: Rogers Interspinous Wiring Technique
A burr hole is drilled transversely at the base of the upper and lower spinous processes. A stainless steel or titanium wire or cable is passed through the burr holes in a figure eight pattern and subsequently tightened.
With Abdu's triple-wiring, the wire is first secured under tension as described by the Rogers' technique. Subsequently, the second wire is passed through the upper burr hole and looped around the upper spinous process. Similarly, the third wire is passed through the lower burr hole and looped around the lower spinous process. These latter two wires are then passed through corresponding holes drilled in two autologous bone graft struts, each placed lateral to the spinous processes. These wires are then tightened under tension ( Figure 2 ) [13] [14] .
FIGURE 2: Bohlman Interspinous Wiring Technique
The first wire is secured in similar fashion to the Rogers technique. Second and third wires are then passed through the upper and lower burr holes and looped around the upper and lower spinous processes, respectively. Finally, the latter two wires are secured to autologous bone graft struts and tightened.
Complications
The main complications from posterior cervical wiring are wire pullout and injury to the spinal cord or exiting spinal nerves from the misdirection of the wire. Fortunately, these complications are rare [10] . Over-tightening of the wire in facet wiring can lead to avulsion fractures. Sublaminar wiring is almost never used in the subaxial spine because the spinal canal is smaller compared to the spinal canal at the C1/C2 levels. This becomes more problematic in patients with degenerative or congenital cervical stenosis. Loss of fixation from poor bone quality or inadequate postoperative immobilization are other complications. Finally, as with other fixation techniques, nonunion, malunion, or hardware infection can be observed with posterior cervical wiring [15] .
Complication Avoidance
As with any surgery, comprehensive preoperative planning is necessary to study the anatomy and evaluate for anatomical variations in order to plan the operation accordingly. Patients with anterior or middle column instability will need additional anterior fusion and instrumentation. Sublaminar wiring should be avoided in patients with a narrowed spinal canal or neural
Introduction
Traditionally, translaminar screw fixation is better described and more frequently performed in the atlantoaxial and thoracolumbar spine [16] [17] . Laminar screw fixation in the subaxial spine remains an uncommon practice and is utilized in only selected cases. As such, the literature is very limited on this topic. In two recently published simulation studies evaluating the feasibility of translaminar screw placement in the subaxial spine, the authors concluded that C7 had a high unilateral screw placement success rate (100% for 3.5 mm screw, 91.7% for 4.0 mm screw) and moderate bilateral screw placement success rate (90% for 3.5 mm, 68.8% for 4.0 mm). At C3-C6, the success rates were much lower [18] [19] . The feasibility of translaminar screw placement at C7 is primarily due to its larger laminar size. Clinically, laminar screw fixation has had promising results with low complication rates; the main complication reported was dorsal laminar breach [20] [21] . However, further studies with larger subject populations are needed to evaluate the clinical feasibility of translaminar screw fixation in the subaxial spine.
Indications
Laminar screws may be used in cases of deficient lateral masses or after failed attempts to place a lateral mass screw. They appear to have better biomechanics at C7 when compared to the C3-C6 levels. As with any posterior fixation technique, translaminar screw fixation requires intact posterior elements, specifically intact laminae, at the levels to be instrumented.
Contraindications
Any traumatic or pathologic process that leads to insufficiency of the lamina is a contraindication to laminar screw fixation (e.g., post-laminectomy deformity). As with any posterior fixation technique, stand-alone translaminar screw fixation is insufficient to restore stability in cases involving the anterior and/or middle columns.
Techniques
We will review the technique for C7 screw placement as described by Hong, et al. and Jang, et al. 
FIGURE 3: Translaminar Screw Fixation
The arrow is pointing to theoretical position of a translaminar screw from one spinolaminar junction to the opposite laminar-lateral mass junction. Compare to position of lateral mass screw (right) and pedicle screw (left).
Preoperative axial CT imaging is obtained to measure the translaminar screw length as well as trajectory angle and path. The screw length is estimated as the length from the contralateral spinolaminar junction to the ipsilateral lamina/lateral mass junction [20] . An entry point is created with a high-speed drill at the spinolaminar junction. The trajectory is created by using a hand drill and proceeding to the estimated depth. Screw length (usually between 20-30 mm) is checked with a depth gauge, making sure that the laminar cortical bone has not been violated. Finally, a 3.5 or 4.0 mm screw of proper length is fastened and secured. If laminar screws are placed bilaterally, the entry points for the screws are staggered at the base of the spinous process (spinolaminar junction) so the two screws do not collide during insertion [22] .
Complications
The complications of laminar screw fixation include laminar cortical breach and violation of the facet joint. Breach of the medial cortex can lead to spinal cord injury and penetration of the thecal sac. Screw loosening and hardware failure are other reported complications [20] [21] [22] .
Complication Avoidance
Although injury to the vertebral artery is theoretically lower with intralaminar screw placement, a long drill or screw can potentially injure the lateral structures, including the vertebral artery. Preoperative CT is warranted to measure the size of the lamina and estimate the length of the screw to ensure there is adequate bone stock and laminar diameter for good screw purchase. Intraoperative fluoroscopic imaging can assist in identifying the ideal trajectory for screw placement to prevent penetration of the cortical walls.
Lateral mass screw fixation

Introduction
Lateral mass screw fixation is widely considered the mainstay technique to achieve posterior fixation of the subaxial spine. Roy-Camille first introduced posterior cervical spine fixation with lateral mass screws in 1964 [23] . This fixation technique was subsequently popularized by Louis [24] and Magerl [25] [26] and more recently by Anderson [27] and Ebraheim [28] . Anatomically, the lateral mass, or articular mass, consists of the superior and inferior articular facets. The lateral mass lies anterolateral to the lamina. Posterior stabilization utilizing the lateral mass offers exceptionally high fusion rates, with ranges between 85-100% reported in the literature [24] [25] [26] [27] [28] [29] .
Indications
Lateral mass screw fixation provides strong posterior fixation in patients with instability of the subaxial spine. Lateral mass screws have been implemented with success in cervical spine trauma, infections (i.e., osteomyelitis), neoplasms, degeneration, and failed anterior fusions. Lateral mass screw construct offers comparable or superior stability compared to pedicle screw fixation or laminar screw/sublaminar wiring and is a useful surgical option in patients whose pedicles or laminae are deficient [28, 30] .
Contraindications
Since lateral screw fixation requires an intact lateral mass, any traumatic or pathologic process that compromises the integrity of the lateral mass is a contraindication for this type of fixation. In cases of severe instability, lateral mass screws may not offer sufficient stabilization. As such, posterior fixation may have to be supported with anterior stabilization, thus subjecting the patient to an additional procedure [31] . In certain trauma cases, spondyloarthropathies, osteoporosis, metastatic disease, and revision surgery, the posterior elements may be comminuted or deficient enough to preclude lateral mass fixation [31] [32] [33] . The aforementioned situations highlight the limitations of lateral mass screws, and in these cases, pedicle screws can be useful.
Techniques
We will describe two commonly used techniques for lateral mass screw placement, the RoyCamille's technique and the Magerl's technique, which differ in regards to the entry point and screw trajectory (Figure 4 ).
FIGURE 4: Lateral Mass Screw Fixation
Starting point and trajectory of lateral mass screws placed by the Magerl and Roy-Camille techniques.
The starting point for the Roy-Camille's technique is at the midpoint of the lateral mass. The lateral mass is rectangular-shaped when viewed from behind (posteriorly). A vertical line can be drawn connecting the facet joints at the midline, and a horizontal line can be drawn dividing the lateral mass into equal upper and lower halves. The intersection of these lines is the ideal entry point for the Roy-Camille's technique. An entry hole is created using a 2 mm drill bit, angling perpendicular to the posterior lateral mass wall and 10 degrees lateral to the sagittal plane [23, 28, 34] . Next, the drill hole is tapped with a 3.5 mm tap, and a probe may be inserted to confirm that the lateral mass walls have not been violated. A depth gauge is inserted to measure the screw length and the appropriate size screw is inserted [28] .
With the Magerl's technique, begin by identifying the center of the lateral mass, which is the entry point for the Roy-Camille's technique described above. The Magerl's starting point is 1 mm medial and 1 mm cephalad in relation to the Roy-Camille's starting point. The trajectory is angled at 45-60 degrees anterosuperiorly (parallel to the overlying facet joint) and 25 degrees lateral to the sagittal plane [28, 34] . The screw length is typically 14 mm for Roy-Camille compared to 18 mm for Magerl [34] . The Roy-Camille's technique is reported to have a lower risk of nerve root injury while the Magerl's technique is reported to have a lower risk of facet joint violation [35] .
Complications
Neurovascular structures are at risk when inserting lateral mass screws. Misplacement of the lateral mass screws can cause injury to the spinal cord, vertebral artery (extremely rare), spinal nerves, and facet joints. Since the trajectory is directed away from the spinal cord, lateral mass screw insertion, in theory, has a lower risk of injuring the spinal cord. Neurologic injury can also be caused by insertion of long screws leading to a violation of the ventral cortex of the lateral mass. Aiming the screw anteromedially rather than anterolaterally can lead to penetration of the transverse foramen and thus put the vertebral artery at risk. Other common complications include screw loosening and pull out [36] . Although these complications are possible, lateral mass screws have an excellent safety profile: Two studies, with a combined 2,687 lateral mass screws placed, found no cases of vertebral artery, exiting nerve, or spinal cord injury that was attributable to the screw placement [37] [38] .
Complication Avoidance
Preoperative anterolateral (AP) and lateral plain radiographs should be obtained to identify the level(s) of interest and to understand the anatomy. Computed tomography (CT) imaging is recommended for preoperative planning. Intraoperative fluoroscopy is utilized to identify the ideal starting point and guide the trajectory during screw placement. If a patient becomes symptomatic at follow-up, plain films followed by CT imaging are recommended to determine screw loosening or failure. MRI is often required to determine whether an over-penetrated lateral mass screw has damaged the exiting spinal nerve.
The vertebral artery lies within the transverse foramen, medial and anterior to the lateral mass. Injury of the vertebral artery is avoided by directing the screw laterally, in an "up and out" direction. Although bicortical screw purchase offers greater pullout strength compared to unicortical screw purchase, it inherently carries a greater risk of over-penetration and thus injury to nerve roots and vertebral artery [39] .
Pedicle screw fixation
Introduction
Pedicle screws are the standard of care in the thoracic and lumbar spine but are not routinely used in the cervical spine because they are technically difficult to place. This is due to small pedicle diameter and high medial angulation. Pedicles get smaller caudal to C2, reaching a nadir around C3-C4 [40] , and 75% of C3-C4 pedicles have an average diameter less than 4 mm [41] . Cadaveric studies have demonstrated high rates of pedicle perforation with screw placement [42] [43] [44] . Furthermore, the lateral wall is the thinnest structure in the pedicle making screw perforation into the vertebral artery a significant risk [41] . The medial angulation of pedicles increases in the subaxial cervical spine [45] . Therefore, in order to match the pedicle trajectory, a far lateral exposure is required. Often times, it is not possible to retract the posterior neck musculature to get adequate exposure.
Indications
Lateral mass screws are increasingly being used for posterior cervical fixation in the United States. Although they may serve well in the majority of cases, they have their limitations. Given their low pullout strength in cases of severe instability, they may not offer sufficient stabilization [45] . As such, posterior fixation may have to be supported with ventral stabilization, subjecting the patient to an additional procedure [45] . In certain trauma cases, spondyloarthropathies, osteoporosis, metastatic disease, and revision surgery, the posterior elements may be comminuted or deficient, such that lateral mass fixation is not possible [45] [46] [47] . The aforementioned situations highlight the limitations of lateral mass screws, and this is where pedicle screws can be useful.
Several biomechanical studies have demonstrated that pedicle screws offer superior fixation when compared to lateral mass screws [48] [49] [50] . Their relative pullout strengths in two studies were 1214 N vs. 332 N [48] , and 677 N vs. 355 N [49] . Under cyclic loading, pedicle screws have been found to fail due to pedicle fracture rather than screw pullout [48] , whereas lateral mass screws tend to loosen and pull out due to poor fixation [51] . Pedicle screws lead to consistently high rates of fusion, and this has been demonstrated across a variety of challenging scenarios: spondyloarthropathy/inflammatory arthropathy/metastatic cancer [52] [53] , trauma [54] , cases with deficient lateral masses [55] , in correcting kyphosis [56] , and offering a solid construct for occipitocervical [57] or cervicothoracic fixation [58] . Thus, there is a clear role for pedicle screw fixation of the subaxial cervical spine in certain types of patients.
Techniques
Abumi, et al. first described a technique for pedicle screw placement in 1994 [54] . The starting point is 1 mm lateral to the center of the articular mass, near the cranial end of the superior articular process ( Figure 5 ).
FIGURE 5: Pedicle Screw Fixation
Starting point for subaxial cervical spine pedicle screw placement as described by Abumi, et al. 1994 . (Picture adapted from [46] .)
A high-speed burr is used to decorticate the starting point to expose the pedicle canal. A small pedicle probe is then inserted into the canal with the help of a lateral image intensifier. The pedicle is tapped under fluoroscopic guidance, and finally, an appropriately sized screw is inserted ( Figure 6 ).
FIGURE 6: Pedicle Screw Placement
Steps in subaxial cervical spine pedicle screw placement. (Adapted from [33] .)
While placing pedicle screws, it is important to consider the location of the pedicle in threedimensions. The medial to lateral pedicle angulation is variable and often determined from preoperative imaging. In general, this angle is lowest at C2 and increases caudally. Abumi, et al stated that most of their screws ranged from 25 to 45 degrees from the transverse process in the horizontal plane [47] . Figure 7 demonstrates the horizontal plane trajectory for pedicle screw fixation in the subaxial cervical spine.
FIGURE 7: Pedicle Screw Angulation
Medial to lateral angulation of subaxial cervical spine pedicles. (Adapted from [33] .)
The cranial-caudal angulation of pedicles is superior to the vertebral endplate at C2-C3, parallel to the end plate at C3-C4, and inferior to the endplate at C5-C6 [41] . Since Abumi's initial description in 1994, several different techniques have been described. They vary in how the starting point is obtained, and options include using surface landmarks, performing a laminoforaminotomy to probe the pedicle borders, and using computer navigation. The relative merits of these techniques are discussed later in the chapter.
Complications
Given the small pedicle diameter, high medial to lateral angulation, and thin lateral cortex, this is a technically demanding procedure. Complications can be broadly categorized into injury to the vertebral artery, spinal cord, or exiting nerves. A lateral pedicle perforation would lead to violation of the transverse foramen with potential vertebral artery injury (Figure 8) . 2015 
FIGURE 8: Lateral Pedicle Wall Breach
Lateral pedicle wall breach with transverse foramen penetration.
A medial perforation would violate the spinal canal and risk dural tear or spinal cord injury ( Figure 9 ).
FIGURE 9: Medial Pedicle Wall Breach
Medial pedicle wall breach with spinal canal violation.
A superior or inferior breach would violate the neural foramen and could cause nerve injury.
Five studies in the literature have analyzed complications from pedicle screw fixation in the subaxial cervical spine. The rates of screw perforation ranged from 6.7% to 30%, and most cases breached the lateral wall [45, [59] [60] [61] [62] . The most common risk factor for screw malposition was level of surgery: in one study, 91% of the screws at C6 were correctly placed, compared to only 48% of screws at C4 [45] . This finding was explained by the small pedicle size and high horizontal angulation of pedicles from C3-C5.
Despite the relatively high rate of pedicle perforation with screw placement, the incidence of neurovascular injury is relatively low. Out of the 350 patients across the five studies, only two patients had a vertebral artery injury, five patients had a nerve root injury, and zero patients had a spinal cord injury [45, [59] [60] [61] [62] . None of the cases of vertebral artery injury led to cerebral ischemia or other neurologic deficits. Most cases of nerve injury led to temporary neurologic deficits, which resolved over time with conservative management. Only a minority of cases with nerve injury required pedicle screw revision.
This high incidence of pedicle perforation, yet the low incidence of neurovascular injury, can be explained on an anatomic basis. On average, the vertebral artery occupies only 35% of its foramen. Furthermore, the distance from the vertebral artery to the lateral pedicle wall increases from C2 to C7 [63] . The critical amount of pedicle breach that would predict vertebral artery injury has yet to be determined. In the cervical spine, nerves occupy the inferior half of the neural foramen, and they exit at 45 degrees to the coronal plane and 10 degrees sagittal plane [64] [65] . Exiting nerves lie nearly opposed to the superior part of the caudal pedicle and lie 1.1-1.7 mm from the inferior aspect of the cranial pedicle [65] . Therefore, a superiorly placed pedicle screw is more likely to cause nerve damage compared to an inferiorly placed screw. The medial wall of the pedicle is thickest and the dural sac is 2.4-3.1 mm away, which may explain why there have been no reported cases of spinal cord injury from subaxial cervical pedicle screw placement [63] .
Complication Avoidance: Learning Curve
Subaxial cervical pedicle screw placement is not a commonly used technique and is technically demanding. As such, there is a learning curve and published results demonstrate improved outcomes with surgeon experience. In one study, screw misplacement was 13% for the first 20 screws and decreased to 4% for the subsequent screws [64] . In another study, all of the complete pedicle perforations occurred in the first 10 patients, with no perforations in the subsequent patients [60] . Therefore, safe subaxial cervical pedicle screw placement requires instruction and appropriate supervision from experienced surgeons.
Complication Avoidance: Computer Navigation
As described earlier, the starting point can be obtained based on a number of methods. As expected, the literature shows improved accuracy with more detailed delineation of pedicle anatomy. One study reported a 65% pedicle breach with using surface landmarks alone, 39.5% with laminoforaminotomy, and 10.5% with computer navigation [44] . Another study reported an 8.6% pedicle perforation with surface landmarks and 3% with navigation [66] . Yet another study showed a perforation rate of 6.7% with conventional technique and 1.2% with a surgical navigation system [67] . Overall, the literature suggests the most accurate pedicle screw placement with computer-assisted navigation. However, previous studies have shown pedicle perforation does not necessarily translate into neurovascular injury [68] . Therefore, it is unclear if the added expense of computer-assisted navigation would be cost-effective in the long term.
Complication Avoidance: Imaging
The main complications with pedicle screw placement -pedicle breach, vertebral artery injury, and nerve injury -can be minimized with appropriate preoperative imaging. Pedicle diameters are small in the subaxial cervical spine and tend to vary across the population. In general, pedicle screws are unsafe when pedicle diameters are less than 4 mm. Therefore, preoperative CT scan should be obtained to make sure pedicles are large enough to be instrumented. Vertebral artery occupancy in the transverse foramen can be obtained with preoperative CTA. There have been described cases where CTA reveals a tortuous artery with a high occupancy or one that erodes into the pedicle wall. In such cases, pedicle screws should be avoided. In general, a sound understanding of the pedicle anatomy and its associated neurovascular structures for individual patients will help reduce complications.
Conclusions
Surgical techniques for posterior stabilization of the subaxial spine include wiring, laminar screw fixation, lateral mass screw fixation, and pedicle screw fixation. Posterior cervical wiring is rarely performed today as a stand-alone procedure because it only offers resistance against flexion. Translaminar screw fixation is more frequently performed in the atlantoaxial and thoracolumbar spine, although it may be an option for subaxial spine fixation in selected cases when there are deficient lateral masses. Care must be taken to avoid laminar cortical breach and violation of the facet joint. Pedicle screws are the standard of care in the thoracic and lumbar spine but are technically challenging to place in the subaxial spine due to small pedicle diameter and high medial angulation in this region. Lateral mass screw fixation is the mainstay technique for posterior subaxial stabilization and offers exceptionally high fusion rates.
Comprehensive preoperative planning is critical to evaluate for anatomical variations, and a sound knowledge of the anatomical relationships between screw trajectory and surrounding structures is key in avoiding and minimizing intraoperative and postoperative complications.
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